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Abstract 
The paper presents results of the assessment made for the wind speed and energy distribution with height in Latvia and 
the Latvian coast of the Baltic Sea. The data are presented for observations made in 2007 – 2012 obtained from a 
meteorological mast equipped with LOGGER 9200 Symphonie measuring system in combination with ZephIR lidar 
for the heights from 40 to 160 m together with the meteorological data provided by "Latvian Environment, Geology 
and Meteorology Centre". The wind speed distribution with height is analyzed, and the coefficients of approximating 
functions calculated. Extrapolation results are shown for the distribution curves of averaged wind speed and energy 
density values at heights up to 200 m. The analysis includes comparison of vertical wind shear for three different terrain 
types (forest, complex urban area and coastal area). The impact of landscape variation on the wind speed approximating 
function is discussed. In some cases, under the influence of terrestrial roughness, the approximated wind speed 
distribution with height loses its exponential behaviour. 
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1. Introduction 
The Plan of National development of Latvia for 2014 – 2020 envisages a very important role of “green” 
energy, whose share in the total energy output is to reach 40 %. This will be achieved through the efficient 
use of the wind energy. Extensive and dense network of high-voltage power lines distributed in the territory 
of Latvia as well as its large unpopulated coastal areas makes attractive the use of onshore and offshore 
zones for the placement of new wind power plants (WPPs).  
The locations of planned WPPs on the Baltic offshore and sea coast of Latvia are shown in Fig. 1. The 
planned WPPs are concentrated in the coastal region due to the obvious fact that the main stream of wind 
energy in Latvia comes from the south-west side of the Baltic Sea. However, currently there are no reliable 
maps showing the distribution of wind energy with height in the territory of Latvia, and it is problematic to 
consider the areas distant from the sea for construction of WPPs. 
2. The Research Methodology of Wind Speed Distribution in Height 
Systematic long-term measurements of wind speeds in Latvia, taking into account the wind speed 
distribution at several heights, have been carried out since 2007 at two sites on the north-west coast of the 
Baltic Sea in the Ventspils region (sites 1 and 3) and on the north of the country in the Ainazi region (site 
2), 35 km from the sea shore [1].  
The places where the meteorological equipment is located are shown on the map of Fig. 1 by red stars 1, 
2 and 3. 
Fig.1. Map of the Latvian coast of the Baltic Sea with planned WWPs locations (blue markers); location of the wind speed 
measurement sites 1, 2 and 3 (red stars) and state MetStations (pink points) 
By pink points on the map, the locations of MetStations are marked which keep observations on the wind 
speed. 
The previous investigations pursued with the aim to estimate the wind energy potential (using the 
relevant database made up by the "Latvian Environment, Geology and Meteorology Centre" relate to the 
measurement height of 10 m above sea level. However, taking into account the Latvian topography with 
large territories covered by massive forests, for commercial purposes only the energy supplied by winds at 
heights 30 – 40 m can be used.  
So far, in Latvia no systematic long-term measurements with gathering the relevant information have 
been carried out on the wind speeds at these heights and above. 
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At the same time, the results of long-term measurements of the wind speed that are stored in the database 
of MetStations provide valuable information based on which, with appropriate calibration of extrapolation 
coefficient, the average annual wind speed at a height up to 150 m could be calculated. This would allow a 
precise enough estimation of the potential of wind energy resource in a particular territory. 
The measurements of wind speed at sites 1 and 2 were carried out using certified sensors of wind speed 
and sensors indicating the direction of air stream. All measuring sensors are arranged on metallic masts with 
heights of 53 and 60 m above the ground [2].  
For storing information from the sensors at all height levels, a measuring complex NRG LOGGER 
Symphonie 9200 (measuring complex Symphonie) was used. The complex has an independent energy 
supply from batteries and it stores average wind speed values for every 10 min intervals from nine sensors 
on its flash memory card.  
Wind data retrieving and filtering from both sites was done using NRG Symphonie Data Retriever. 
Further data analysis was done using Microsoft Excel with additional scripts, WRPLOT View – Lakes 
Environmental Software and Natural Power software. The installation of the 60 m high mast with the 
measuring complex Symphonie is shown in Fig. 2.  
Fig. 2. Installation of the 60 m high mast with a measuring complex Symphonie (Ainazi, site 2) 
At site 3, for measuring the wind speed the optical remote sensing complex ZephIR is used, which can 
measure the wind speed and direction at a distance. The complex ZephIR shown in Fig. 3 is installed on 
the top floor of an eight-story apartment building and has a direct connection to power grid and internet. 
Site 3 is located 800 m from the sea coast and at an elevation of 42 m above the Baltic Sea level. Figs. 4 
and 5 show the interface of wind speed measurement complex ZephIR for configuration of height levels 
and the results of measuring the wind speed with a 3-second integration for each height, which highlight 
the process of forming a pattern for the wind speed distribution in dependence on the time of measurements.  
The Wind Rose obtained from complex ZephIR data at 160 m height for the measurement time T
(06.2011/05.2012) is shown in Fig. 6. From the diagram it could be seen that the main energy stream is 
brought by the south-north wind from the Baltic Sea side, with the average wind speed at a height of 160 m
being Vavg = 9.66 m/s. 
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Fig. 3. Optical remote sensing complex ZephIR for measuring wind speed and direction at a distance up to height 160 m on five 
height levels (located in Ventspils, site 3 near the Baltic Sea coast) 
Fig. 4. The user interface of Waltz software allowing configuration of height levels for wind speed measurement complex ZephIR 
Fig. 5. Wind speed distribution at heights from 44 m to 160 m, obtained for a short time span (24 h) using software of complex 
ZephIR. Points on the curves are updated in real time and correspond to the minimum, maximum, mean and latest wind speed for all 
levels 
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Fig. 6. Wind Rose from measurement complex ZephIR data at 160 m height for measurement time T (06.2011/05.2012) 
The charts of seasonal fluctuations of the average wind speed Vavg (m/s) at heights 20, 30, 50 m at site 1 
and at heights 10, 30, 60 m at site 2 are shown in Figs. 7 and 8, for monthly averaged measurement time T
(07.2007/11.2012) and (04.2009/11.2012), respectively.  
Fig. 7. Average wind speed Vavg for measurement time T (07.2007/11.2012) at heights 20, 30 and 50 m (Ventspils, site 1) 
Fig. 9 shows the curves of wind speed variations for time T (27.06.2011/08.05.2012), site 3, obtained 
using the data of MetStation for height 20 m and complex ZephIR for heights 100, 130 and 160 m above 
the Baltic Sea level. On the diagram a good correlation is seen for the wind speed values at various heights 
obtained by two different measuring systems.  
The average long-term wind speed values calculated based on the measurement results for sites 1, 2 and 
time span (06.2011/05.2012) for site 3 are presented in Table 1. 
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Fig. 8. Average wind speed values Vavg for measurement time T (04.2009/11.2012) at heights 10, 30 and 60 m (Ainazi, site 2) 
Fig. 9. Average wind speed Vavg for measurement time T (27.06.2011/08.05.2012) from MetStation database for height 20 m, and 
complex ZephIR for heights 100, 130 and 160 m (Ventspils, site 3)  
Table 1. Distribution in Height of Annual Average Long-Term Wind Speed Values for Sites 1, 2 and 3 
Site, Nr Time of measure-
ments 
Height above ground, 
m
Vavg, m/s SD, m/s Measuring device  
1 06.2007/ 11.2012 
20 2.7 0.98 
LOGGER Symphonie, 
NRG #40, certified 
digital sensors 
30 3.5 0.97 
40 4.2 0.98 
50 4.7 0.97 
53 4.9 0.99 
2 04.2009/ 11.2012 
10 2.7 0.77 
LOGGER Symphonie, 
NRG #40, certified 
digital sensors 
20 3.3 0.74 
30 3.7 0.74 
40 4.1 0.73 
50 4.4 0.73 
60 4.7 0.73 
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3 07.2011/ 04.2012 
44 3.7 ---- 
Complex ZephIR  
60 6.0 0.49 
80 7.4 0.59 
81 7.5 0.39 
100 8.7 0.30 
130 9.8 0.10 
160 10.3 0.12 
As a result of analyzing the annual average long-term wind speed values Vavg for sites 1 and 2 from 
Table 1 it was noticed that their distribution in height h are well approximated by the power law:  
ݕ ൌ ݇݄ఈǤ   (1)
Hence it follows that for the known annual average long-term wind speed ௔ܸ௩௚Ǥ௥ at the measurement 
height ݄௥ we can write:  
݇ ൌ ௏ೌ ೡ೒Ǥೝ௛ೝഀ ǡ  (2) 
where Į is the extrapolation coefficient.  
Therefore, taking into account equality (2), expression (1) can be brought to the form:  
 ௔ܸ௩௚ ൌ ௔ܸ௩௚Ǥ௥ ቀ ௛௛ೝቁ
ఈ
.  (3) 
Fig. 10 shows the curves of average wind speed vs. height ௔ܸ௩௚ ൌ ݂ሺ݄ሻ for sites 1 and 2. The curves 
were plotted based on the measurements obtained in the time spans (06.2007/11.2012) and 
(06.2011/05.2012) for site 1 and (04.2009/11.2012) and (06.2011/05.2012) for site 2.  
Fig. 10. Average wind speed vs. height,  ௔ܸ௩௚ ൌ ݂ሺ݄ሻ at site 1 for the time spans (06.2007/11.2012) and (06.2011/05.2012) and at 
site 2 for the time spans (04.2009/11.2012) and (06.2011/05.2012) 
Comparison of the wind speed values for long-term and one-year measurements at sites 1 and 2 
evidences that the difference is § 0.2 m/s on the average for both the sites. This allows for suggestion that 
the results of long-term measurements at one location can be used for refining those of short-term 
measurements made simultaneously at different locations and distances.  
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3. Investigation into the Regularities in Wind Speed Distribution with Height 
In practice, the determination of annual average wind speed values is associated with the problem of 
positioning the measuring sensors at appropriate height for a long period of time. Usually, for this purpose 
the results of wind speed measurements made at accessible height are used; these results are then 
extrapolated for higher altitudes, taking into account that the wind speed distribution in height obeys the 
log law with definite precision [3].  
The log law used for extrapolation of wind speed Vr from a reference height, hr, to another level h gives 
the following relationship: 
௛ܸ ൌ
௥ܸ݈݊ ቀ ௛௛బቁ
݈݊ ቀ௛ೝ௛బቁ
൙ ,  (4) 
where h0 is the surface roughness extension which characterizes the terrain. Table 2 gives some 
approximate surface roughness extensions for various types of terrain. 
Table 2. Approximate Values of Surface Roughness Extension for Various Types of Terrain [3] 
 Terrain description ho m 
1 Very smooth, ice or mud  0.00001 
2 Calm open sea  0.0002 
3 Blown sea  0.0005 
4 Snow surface  0.003 
5 Lawn grass  0.008 
6 Rough pasture 0.010 
7 Fallow field  0.030 
8 Crops  0.050 
9 Few trees  0.1 
10 Many trees, hedges, few buildings  0.25 
11 Forest and woodlands  0.5 
12 Suburbs  1.5 
13 Centres of cities with tall buildings  3.0 
Fig. 11 shows the curves that are modelling the wind speed distribution in height using relationship (4) 
and coefficients from Table 2 as compared with the results of direct physical measurements of annual 
average long-term wind speeds taken at site 1.  
Extrapolation of the results obtained by direct physical measurements of wind speed at all the sites is 
made using expression (1), with the root-mean-square deviation R2 of the approximating curve not less than 
0.995 (see Table 3). 
The measuring complex at site 1 is 2.5 km distant from the sea and surrounded by 8 – 10 m tall forest. 
According to the classification of terrain types in Table 2, the coefficient in expression (4) should be 
h0 = 0.25 – 0.5 m. However, analysis of the curves in Fig. 11 shows that the closest approximation to the 
results of physical measurements can be obtained at h0 § 6.2 m.  
With account for the terrain type, as the zero mark the height of 10 m, is taken; therefore, height h in 
relationship (1) is corrected by this value, i.e. (h – 10) m. 
Similarly, comparison of direct physical measurements at site 2 (surrounded by fields and sparse trees, 
see Fig. 2) where the terrain type can be characterized as corresponding to the coefficient h0 = 0.1 – 0.25 m, 
is presented in Fig. 12 for different h0 values. 
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Fig. 11. The average wind speed vs. height, ௔ܸ௩௚ ൌ ݂ሺ݄ሻ, in the Ventspils region (site 1) extrapolated for the height up to 150 m
using relationships (1) and (4), ݄଴ ൌ ͲǤͷǢ ͳǤͲǢ ͵ǤͲǢ ͸Ǥʹ
Fig. 12. The average wind speed vs. height,  ௔ܸ௩௚ ൌ ݂ሺ݄ሻ, in the Ainazi region (site 2) extrapolated for the height up to 150 m using 
relationships (1) and (4), for ݄଴ ൌ ͲǤͳǢ ͲǤͷǢ ͳǤʹ
Analysis of the curves in Fig. 12 shows that the closest approximation to the results of physical 
measurements could be obtained at h0 § 1.2 m. 
At site 3 the wind speed measurements were carried out at two locations separated by a distance of 
1500 m. One of them (where the complex ZephIR is installed) is surrounded by a landscape that corresponds 
to the city centre with tall buildings, while the other one (where MetStation is located and a mast is installed 
with measuring sensors positioned at a height of 20 m above sea level) is located on the sea shore and 
surrounded by small buildings.  
In Fig. 13 the distribution is shown for annual average wind speed values at heights 42, 60, 80, 100, 130 
and 160 m above sea level in the time span (06.2011/05.2012) measured using complex ZephIR and the 
wind speed at a height of 20 m measured on-shore by MetStation sensors in the same period. 
Analysis of the results for both the complexes evidences that the measuring points at heights 42, 60, 80 m
are located in the zone strongly affected by the surrounding topography and cannot be used for modelling 
the wind speed distribution with height; at the same time, the speeds measured at heights 20, 100, 130 and 
160 m fit well the regularity described by (1). 
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Taking into account that the MetStation sensors are on-shore, the type of terrain can be characterized as 
corresponding to the coefficient h0 = 0.005 – 0.03 m; however, as seen in Fig. 13, the closest approximation 
of the calculated curve to the results of physical measurements could be achieved at h0 § 1.0 m. 
Table 3 shows the values of approximating coefficients corresponding to the three types of terrain 
employed to extrapolate the average wind speed values for up to 200 m using expression (3). 
Fig. 13. Extrapolation of the average wind speed vs. height, ௔ܸ௩௚ ൌ ݂ሺ݄ሻ, in the Ventspils region’s site 3 up to the height of 200 m
using relationships (1) and (4), ݄଴ ൌ ͲǤͳǢ ͲǤͷǢ ͳǤͲǡmodelled based on the results of complex ZephIR measurements for heights 100, 
130, 160 m and MetStation measurements for a height of 20 m
Table 3. Values of Approximating Coefficients Corresponding to the Three Types of Terrain 
Site Terrain description 
Vavg.r, 
m/s hr, m k ߙ R2 
1 Forest and 
woodlands 2.8 20 1.09 0.39 0.9983 
2 Few trees 
and Crops 3.7 30 1.08 0.36 0.9989 
3 Blown sea 5.91 20 2.58 0.27 0.9952 
Therefore, the dependence of the log method for wind speed calculation on the uncertainty at the choice 
of criteria for the empirical coefficients considerably reduces the possibility to employ it for estimation of 
the wind energy potential at the heights where it would be commercially profitable. 
4. Conclusion 
x To achieve efficient use of wind energy in the territory of Latvia it is necessary to rely upon reliable 
information on the distribution of this energy at heights up to 200 m.  
x In the territory of Latvia 24 MetStations are functioning, which over many years carry out wind speed 
records at a height of 10 m above the ground and possess a relevant database on the average wind speed 
values in long term.  
x The investigations into the regularities in the average wind speed distribution with height have been 
executed since 2007 in the Ventspils and Ainazi regions on the Baltic Sea coast. 
x Comparison of the average wind speed distribution curves for sites 1 and 2 obtained by processing the 
long-term and one-year data shows that in the selected measurement period of time the difference is 
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§ 0.2 m/s on the average for both sites. From this it follows that the results of long-term measurements 
at one location could be used for refining the results of short-term measurements made simultaneously 
at different locations and appropriate distances.  
x The investigations on wind speed measurements have been carried out using calibrated sensors 
positioned on 53 and 60 m and the measuring complex ZephIR at a height from 42 to 160 m above sea 
level. 
x A comparison has been made between two methods: extrapolation of the wind speeds to the values 
measured at available height using the log low, and direct physical measurements with obtaining the real 
values. 
x It is shown that the accuracy at calculation of the average long-term wind speed values at a height up to 
200 m using the log low depends on the choice of the empirical coefficient with the magnitude linked to 
the type of terrain. 
x The curves of wind speed distribution with height are well approximated by the power law dependence 
(1), where coefficients of approximation defined analyzing the results of direct physical measurements.  
x It has been shown that the curves of average wind speed values constructed based on the measurements 
executed using complex ZephIR up to 160 m and those using MetStation sensors at a height of 20 m
above sea level, fit the regularity of the form described by (1). 
x It could be suggested that through making joint measurements using complex ZephIR and MetStation 
sensors it is possible to perform calibration of coefficients in relationship (1) with the aim of refining 
the calculations of the wind speed distribution with height using the database containing information on 
the long-term measurements of wind speeds. 
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